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It is widely accepted that light availability sets the lower
limit of seagrass bathymetric distribution, while the upper
limit depends on the level of disturbance by currents and
waves. The establishment of light requirements for sea-
grass growth has been a major focus of research in
marine ecology, and different quantitative models provide
predictions for seagrass lower depth limits. In contrast,
the influence of energy levels on the establishment,
growth, and maintenance of seagrasses has received
less attention, and to date there are no quantitative mod-
els predicting the evolution of seagrasses as a function
of hydrodynamics at a large scale level. Hence, it is not
possible to predict either the upper depth limit of the dis-
tribution of seagrasses or the effects that different energy
regimes will have on these limits. The aim of this work is
to provide a comprehensible methodology for obtaining
quantitative knowledge and predictive capacity for esti-
mating the upper depth limit of seagrasses as a response
to wave energy dissipated on the seafloor. The method-
ology has been applied using wave data from 1958 to
2001 in order to obtain the mean wave climate in deep
water seaward from an open sandy beach in the Balearic
Islands, western Mediterranean Sea where the seagrass
Posidonia oceanica forms an extensive meadow. Mean
wave conditions were propagated to the shore using a
two-dimensional parabolic model over the detailed
bathymetry. The resulting hydrodynamics were correlated
with bottom type and the distribution of P. oceanica.
Results showed a predicted near-bottom orbital velocity
of between 38 and 42 cm s-1 as a determinant of the
upper depth limit of P. oceanica. This work shows the
importance of interdisciplinary effort in ecological mod-
eling and, in particular, the need for hydrodynamical
studies to elucidate the distribution of seagrasses in
shallow depths. Moreover, the use of predictive models
would permit evaluation of the effects of coastal activities
(construction of ports, artificial reefs, beach nutrient-
input, dredging) on benthic ecosystems.
Keywords: near-bottom orbital velocity; parabolic
model; Posidonia oceanica upper depth limit; seagrass
distribution; wave energy.
Introduction
Seagrasses are marine flowering plants that cover large
areas in shallow coastal waters; the meadows they form
are among the most biologically diverse and productive
components of coastal systems. Posidonia oceanica (L.)
Delile, an endemic seagrass species of the Mediterra-
nean Sea, grows between the depths of 0.5 and 45 m
(Procaccini et al. 2003) and covers an estimated surface
area between 2.5 and 5 million ha, approximately 1–2%
of the 0–50 m depth zone (Pasqualini et al. 1998).
The study of light requirements for seagrass growth
has been a major focus of research in marine ecology,
and different quantitative models provide predictions of
the seagrass lower depth limits (Dennison and Alberte
1985, Dennison 1987, Duarte 1991, Kenworthy and Fon-
seca 1996, Koch and Beer 1996, Greve and Krause-Jen-
sen 2005). Seagrasses can thrive up to depths where the
irradiance at the top of the leaf canopy is above 11% of
surface irradiance (Duarte 1991), or where the number
of hours with values of irradiance above photosynthetic
saturation is )6–8 h (Dennison and Alberte 1985). The
upper depth limit of distribution of seagrasses has been
related to their tolerance of desiccation at low tide (Koch
and Beer 1996) and to ice scour (Robertson and Mann
1984). In seas with low tidal range and no ice formation,
such as the Mediterranean Sea, the upper depth limit of
seagrasses is determined mainly by their tolerance of
wave energy (Koch et al. 2006). However, quantitative
estimates of the wave energy that sets the upper depth
limit of seagrasses are still scarce to date.
Studies in flumes have evaluated the influence of sea-
grass on unidirectional water flow (Fonseca et al. 1982,
Gambi et al. 1990, Folkard 2005), sediment stabilization
(Fonseca and Fisher 1986), and wave attenuation (Fon-
seca and Cahalan 1992). Field measurements and
experiments have also been performed to study water
flow in seagrass meadows (Fonseca 1986, Worcester
1995, Koch and Gust 1999) and evaluate their effect on
particle resuspension (Terrados and Duarte 2000, Gacia
and Duarte 2001). However, few studies have analyzed
the effects of local hydrodynamics on seagrasses.
Storms can resuspend sediments and uproot sea-
grasses, whereas sediment deposition can bury them
and cause mortality (Williams 1988, Preen et al. 1995,
Duarte et al. 1997, Bell et al. 1999). Conceptual models
have been proposed to explain differences in shape, bot-
tom relief, and cover of seagrass meadows (Fonseca et
al. 1983, Fonseca and Kenworthy 1987) or the depth dis-
tribution of intertidal seagrass (van Katwijk et al. 2000) as
a function of wave energy and/or current velocity. Local
hydrodynamics (indirectly estimated from the weight loss
of clod cards) have been related to depth and seagrass
presence and have been used to identify the habitat
requirements of South Australian seagrass species
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Figure 1 Schematic diagram of the approach presented.
HIPOCAS, hindcast of dynamic processes of the ocean and
coastal areas of Europe.
(Shepherd and Womersley 1981). Keddy (1984) devel-
oped a relative wave exposure index (REI) in order to
quantify the degree of wave exposure by using wind
speed, direction, and fetch measurements. REI values
have been correlated to different attributes of seagrass
meadows, such as the content of silt-clay and organic
matter of the sediment, seagrass cover, shoot density
(Fonseca and Bell 1998, Fonseca et al. 2002, Krause-
Jensen et al. 2003, Frederiksen et al. 2004), and biomass
(Hovel et al. 2002). Shallow seagrass populations tend to
be more spatially fragmented in wave-exposed environ-
ments than in wave-sheltered environments (Fonseca
and Bell 1998, Frederiksen et al. 2004), and temporal
changes in seagrass cover are also greater at the most
wave-exposed sites (Frederiksen et al. 2004). Plaster
clod cards and REI provide only semi-quantitative idio-
syncratic estimates of current and/or wave energy and,
therefore, comparison between studies is difficult. Addi-
tionally, REI estimates do not consider the influence of
depth on wave damping (but see van Katwijk and Her-
mus 2000). Direct quantitative measurements of the
energy of waves and currents impinging on seagrasses
are necessary to elucidate their effects on them, to iden-
tify their habitat requirements, to predict their spatial dis-
tribution and their response to both natural (i.e., storms,
hurricanes, etc.) and anthropogenic (i.e., dredging and
beach eutrophication, coastal development, etc.)
disturbances.
The main goal of this study was to develop a meth-
odology to estimate the wave energy impinging on sea-
grass meadows (Figure 1) and to obtain a quantitative
and testable relationship between wave energy and the
upper depth limit of the Mediterranean seagrass Posi-
donia oceanica. Wave energy estimation was obtained by
analyzing 44 years of wave data. We consider long-term
historical wave data, rather than present-day wave meas-
urements, are more appropriate to link wave energy to
the presence of P. oceanica, given the low rates of veg-
etative growth and space occupancy in this seagrass
species (Marba` and Duarte 1998). Aerial color photo-
graphs and bathymetric data were also used for an accu-
rate mapping of the meadow and to delimit the upper
depth boundary of P. oceanica. We provide a testable
estimate of the near-bottom current velocity that could
set a threshold for the presence of P. oceanica and,
therefore, determine the upper depth limit of this
seagrass.
Materials and methods
Study areas and regional settings
This work was carried out in Cala Millor, located on the
northeast coast of Majorca Island (Figure 2A,B). The
beach is in an open bay with an area of ca. 14 km2. Near
the coast to 8 m depth, there is a regular slope indented
with sand bars near the shore (Figure 2C); these bars
migrate from offshore to onshore between periods of
gentle wave conditions. At depths from 6 m to 35 m, the
seabed is covered by a meadow of Posidonia oceanica.
This area was chosen for this study because of the avail-
ability of data from previous studies. The tidal regime is
microtidal, with a spring range of less than 0.25 m
(Go´mez-Pujol et al. 2007). The bay is located on the east
coast of the island of Majorca and it is therefore exposed
to incoming wind and waves from NE to ESE directions.
According to the criteria of Wright and Short (1983), Cala
Millor is an intermediate barred sandy beach formed by
biogenic sediments with median grain values ranging
between 0.28 and 0.38 mm at the beach front (L. Go´mez-
Pujol and A. Orfila, unpublished data).
HIPOCAS database (1958–2001) and deep water
wave characterization
Wave data used are part of the Hindcast of Dynamic
Processes of the Ocean and Coastal Areas of Europe
(HIPOCAS) project. This database consists of a high
resolution, spatial and temporal, long-term hindcast
dataset (Soares et al. 2002, Ratsimandresy et al. 2008).
The HIPOCAS data were collected hourly for the period
1958 to 2001, providing 44 years of wave data with a
0.1258 spatial resolution; this is the most complete wave
data base currently available for the Mediterranean Sea.
These hindcast models have become powerful tools, not
only for engineering or predictive purposes, but also for
long-term climate studies (Can˜ellas et al. 2007). These
data were produced by the Spanish Harbor Authority by
dynamical downscaling from the National Center for
Environmental Prediction (NCEP) and the National Center
for Atmospheric Research (NCAR) global reanalysis using
the regional atmospheric model REMO. We used the data
from HIPOCAS node 1433 (see Figure 2B) located 10 km
offshore at 50 m depth, which is the closest HIPOCAS
node to Cala Millor. The long-term distribution of signifi-
cant wave height and wave direction at this node (Figure
3) shows that the most energetic waves usually come
from N–NNE. These wave directions are also the most
frequent during the 44-year dataset.
Data contained in the HIPOCAS node consist of a set
of sea states (one per hour) defined by their significant
wave height, spectral peak period, and direction. An esti-
mation of the long-term distribution of the mean signifi-
cant wave height (Hm) and its standard deviation was
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Figure 2 (A) Location of Majorca in the Mediterranean Sea. (B) Location of the study area of Cala Millor in Majorca. The asterisk (*)
indicates HIPOCAS node 1433. (C) Bathymetry of Cala Millor with isobaths (in meters).
Figure 3 Directional wave histogram for HIPOCAS node 1433
(50 km from Cala Millor).
carried out making use of the lognormal probability dis-
tribution (Castillo et al. 2005). The long-term probability
distribution identifies the most probable sea state for the
44-year period. Before estimation of this wave regime,
data were pre-selected taking into account their incom-
ing directions. Only sea states directed towards the
beach were included in the analysis. Mean wave climate
for Hipocas node 1433 provides an Hm value of
1.53"0.96 ("1 SD) m, a peak period of 7.3 s, and a
direction of 11.258. This mean (most probable) wave cli-
mate was propagated to the shore using a parabolic
model.
Shallow-water wave conditions
As water waves propagate from the region where they
are generated to the coast, both wave amplitude and
wavelength are modified. The surf zone is a highly
dynamic area where energy from waves is partially dis-
sipated through turbulence in the boundary layer and
transformed into short and long waves, mean sea level
variations, and currents (Dean and Dalrymple 2002). In
the present work, waves were propagated using a gentle
slope parabolic model (OLUCA-MC), which includes
refraction-diffraction effects as well as energy losses due
to wave breaking (Kirby and Dalrymple 1983, GIOC
2003). Detailed bathymetry obtained with echo-sounding
was used to generate the numerical mesh. The model
solves continuity and momentum equations assuming a
smooth bottom (e.g., variations of the bottom negligible
within a wave length) and converting the hyperbolic sys-
tem to a parabolic system (e.g., with wave propagation
in one direction).
Two grids were generated: the external grid (122=81
nodes), which covers the deeper area with 75 m resolu-
tion between nodes, and the internal grid (140=311
nodes), which covers the shallow area with 15 m reso-
lution. The model output provides the wave field (signif-
icant wave height and direction of the mean flux energy)
in the whole grid.
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Maximum near-bottom orbital amplitudes (Ab) were
calculated following the linear wave theory:
Hs
A s (1)b 2sinh 2pDylŽ .
where D is the water depth and l is the wave length
calculated iteratively as:
2 B ET g 2pDp C Fls tanh (2)
D G2p l
where Tp is the peak period and g is the acceleration of
gravity. The maximum near-bottom orbital velocity (Ub) is:
U s2pA yT (3)b b p
Bottom typology and bathymetry
Remote sensing of the seabed from air or space is com-
monly used for mapping seagrass habitats over a wide
range of spatial scales (McKenzie et al. 2001). Satellite
spectral images from Ikonos are suitable for the detection
and mapping of the upper depth limit of seagrass distri-
bution in shallow clear waters (Fornes et al. 2006). Aerial
color photographs have been used in some studies to
describe temporal changes in the distribution of sea-
grasses (Hine et al. 1987), to evaluate the effect of wave
exposure (Frederiksen et al. 2004), and the influence of
anthropogenic activities (Leriche et al. 2006). We used
aerial photographs for mapping the area covered by
Posidonia oceanica, dead P. oceanica rhizome, rocks, and
sand up to 11 m depth. Aerial color photographs were
taken in August of 2002 with a resolution of 0.4 m. Poly-
gons were drawn around the different areas with Arc/GIS
software (Arc/Info and Arc/Map v9.0, ESRI) and classified
by bottom types. In those areas where bottom recogni-
tion was not possible from the aerial photographs, field
surveys were carried out to identify the typology of the
substratum (some areas tend to accumulate seagrass
leaves which can lead to false interpretation of aerial
images). Image classification was validated with bathy-
metric filtered echo-soundings and field observations.
During 2005, an acoustic survey was carried out to
determine the bathymetry of the inner mesh and to test
the classification of the seagrass coverage from the aerial
photographs. Acoustic mapping of Posidonia oceanica
was performed with a ship-mounted Biosonics DE-4000
echo sounder (BioSonics, Inc., Seattle, USA) equipped
with a 200 KHz transducer. The draught of the boat
allowed sampling up to depths of approximately 0.5 m.
Inshore-offshore echo-sounding transects were sampled
perpendicularly to the bathymetric gradient, with a sep-
aration of 50 m between transects. Acoustic pulse rate
was set to 25 s-1 and the sampling speed was set to 3
knots, which allowed for a horizontal resolution of 1 m
(Orfila et al. 2005). Bottom typology was estimated as the
most probable after echogram examination using the first
to second bottom echo ratio technique (Orlowski 1984,
Chivers et al. 1990). The resulting echo sounding points
were filtered, averaged (1 output equals 20 pings) and
clustered into three groups (P. oceanica meadows,
sandy, and hard bottoms) taking into consideration cali-
brations performed for previously classified bottoms.
Hard bottoms include rocks, P. oceanica rhizome mats,
and zones with poor seagrass coverage (Figure 4). After-
wards, this map was verified by direct observation at ran-
dom points, also distinguishing those bottom types that
the algorithm was not able to identify (i.e., dead rhizome
and rocks). The map of bottom typology in Figure 4 rep-
resents the final classification (aerial photograph verified
with echo-sounding and direct SCUBA observations).
Bathymetric data were interpolated using the kriging
technique to create 1-m scale depth contours that were
overlaid with bottom typology. Similarly, maximum near-
bottom orbital velocity data were interpolated to create
5-cm s-1 scale Ub contours that were overlaid with bot-
tom typology. Percent coverage of rocks, sand, dead rhi-
zomes of Posidonia oceanica, and P. oceanica were
calculated for each depth and near-bottom orbital velo-
city interval. A total of 400 points were randomly selected
throughout the study area, and the corresponding bot-
tom type and near-bottom orbital velocity interval were
used to calculate the average near-bottom orbital velo-
city for each bottom type. Additionally, 400 points along
the upper limit of the P. oceanica meadow were randomly
selected and the corresponding near-bottom orbital
velocities were used to estimate an average along that
edge. Differences in near-bottom orbital velocity between
each bottom type and the upper limit of P. oceanica were
evaluated using Kruskal-Wallis non-parametric analysis
of variance (due to heterogeneity of data variance).
Results
The study site has a total area of 121.44 ha wherein sand
and Posidonia oceanica meadow are the most abundant
substrata. Shallow bottoms in Cala Millor (depths
between 0 and 6 m) are mostly sandy, with some patches
of rock, particularly in the center and south parts of the
beach (Table 1). The upper depth limit of P. oceanica is
located between 5 and 6 m and the meadow continues
down to 30–35 m depth (acoustic survey data not
shown). The limit between seagrass and sand is irregular
and has several areas of hard substratum between 4 and
7 m that correspond to dead rhizomes of P. oceanica
partly covered by sand and algae, which can be indica-
tive of meadow regression (Figure 4). P. oceanica reaches
the highest percentage cover at depths greater than 8 m,
and no stands are found in depths shallower than 4 m.
Most of the rocky bottom is in the shallowest water,
between 0 and 2 m. Two large sand fingers cross the
seagrass meadow at the center of the study area; these
may have resulted from sand transport from the exposed
beach after storm events.
Mean wave conditions propagated over the beach
resulted in wave heights between 0.2 and 0.4 m, with
significant wave breaking in the shallow sandy area
(between 0.5 and 1 m) (Figure 5A) and near-bottom orbit-
al velocities up to 110 cm s-1. The highest velocities
occurred in the shallow sandy part of the beach (between
1 and 3 m) (Figure 5B).
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Figure 4 Bottom typology off Cala Millor (Majorca, western
Mediterranean Sea). P., Posidonia.
Table 1 Percent cover of bottom type at different depths.
Depth (m) Posidonia Sand Rock Dead Posidonia
oceanica oceanica
1–2 0 96.63 3.24 0.13
2–3 0 97.73 1.75 0.52
3–4 0 97.31 0 2.69
4–5 0.46 83.36 0 16.17
5–6 11.55 51.03 0 37.42
6–7 42.34 25.27 0 32.39
7–8 73.87 21.10 0 5.03
8–9 83.82 14.64 0 1.54
9–10 94.40 5.59 0 0
10–11 97.98 2.02 0 0
Total area (m2) 565,349.42 528,241.5 25,192.7 95,632.92
Total area of coverage of each bottom type is presented in the last row.
Sandy areas are associated with high values of near-
bottom orbital velocities, while Posidonia oceanica is
associated with lower velocities (Figure 6). P. oceanica is
not present in areas with velocities higher than 38–42 cm
s-1. This velocity interval might be considered a first esti-
mate of the threshold near-bottom orbital velocity that
allows the P. oceanica to occur in Cala Millor.
Variance of near-bottom orbital velocity was higher in
sand, rock, and dead Posidonia oceanica than in the P.
oceanica meadow (Figure 7). Kruskal-Wallis non-para-
metric analysis of variance detected significant differenc-
es in the average near-bottom orbital velocity between
bottom types wH (4, ns800)s310.34, p-0.001x, and post
hoc multiple comparisons of mean ranks showed that
velocities were lower in P. oceanica stands and at the P.
oceanica upper limit than in rock, sand, and dead P.
oceanica (Figure 7).
Discussion
In this study, we present a methodology to estimate the
wave energy that determines the upper depth limit of
Posidonia oceanica. Our data show that an increase in
wave energy is related to a decrease of P. oceanica cov-
er, and that above a threshold level of wave energy sea-
grass is not present. It is important to emphasize that the
evidence provided in this study is correlative and applies
to our study site only. Other locations, with different sed-
iment characteristics and wave climates might provide
different threshold values. Additional sources of distur-
bance (both natural and anthropogenic) will also intro-
duce variability in the threshold estimates. The
near-bottom orbital velocities are computed from numer-
ical model predictions and real velocities within the
meadow could be lower due to wave attenuation by the
seagrass meadow and wave-current interactions. How-
ever, the predicted velocities where P. oceanica is not
present provide an estimate of the threshold velocities
that would impede the persistence of this seagrass
species.
The usefulness of this methodology is that it provides
quantitative estimates of wave energy that sets the upper
depth limit of Posidonia oceanica and, therefore, these
can be compared to those obtained in other locations.
We obtained an estimate of the threshold value of near-
bottom orbital velocity that allows the long-term persist-
ence of Posidonia oceanica (38–42 cm s-1). It has been
suggested that Zostera marina L. can tolerate unidirec-
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Figure 5 (A) Distribution of wave heights (m) at the beach derived from mean wave conditions (11.258, Hms1.53 m, Tps7.30 s).
(B) Distribution of near-bottom orbital velocities (Ub, m s-1) at the beach and cover of the Posidonia oceanica meadow (gray) and
dead rhizomes (dark gray).
Figure 6 Percent coverage of the different bottom types in each of the near-bottom orbital velocity (Ub) intervals established in Cala
Millor (Majorca, Western Mediterranean Sea). P., Posidonia.
tional current velocities up to 120–150 cm s-1 and that
the meadows formed by this species become spatially
fragmented at tidal current velocities of 53 cm s-1 (Fon-
seca et al. 1983). Shallow mixed meadows of Z. marina
and Halodule wrightii Asch. seem to remain spatially frag-
mented at tidal current speeds above 25 cm s-1 (Fonseca
and Bell 1998). Experimental transplantations of Z. mari-
na along depth gradients in intertidal zones indicate that
this species cannot persist at sites where the maximum
bottom orbital velocity during the tidal cycle reaches
53–63 cm s-1. Furthermore, this species can survive
when exposed to waves for less than 60% of the time
and maximum orbital velocity is less than 40 cm s-1 (van
Katwijk and Harmus 2000). Hence, our estimate of the
threshold value of near-bottom orbital velocity that allows
the persistence of P. oceanica is within the range of val-
ues of current velocity proposed for other seagrass
species.
Brought to you by | CSIC - Unidad Coordinacion Bibliotecas
Authenticated | 193.145.219.216
Download Date | 7/2/14 2:37 PM
E. Infantes et al.: Wave energy and upper depth limit distribution of Posidonia oceanica 425
Article in press - uncorrected proof
Figure 7 Mean near-bottom orbital velocity above each bottom type in Cala Millor (Majorca, Western Mediterranean Sea).
Different capital letters indicate significant differences between bottom types (post hoc multiple pairwise comparison of mean ranks,
p-0.05). Error bars show 95% confidence intervals. N values indicate the number of points selected randomly in each bottom type.
Differences in N values between bottom types are driven by the differences in percentage covers of each bottom type in the study
area. P., Posidonia.
Frederiksen et al. (2004) used aerial photographs to
follow changes in the distribution of Zostera marina from
1954 to 1999 and showed that seagrass landscapes can
change extensively over long periods of time, especially
in the more wave-exposed areas. Comparison of aerial
photographs taken in 1956 and 2004 indicates that the
upper depth limit of Posidonia oceanica in Cala Millor has
regressed in the south part of the beach (IMEDEA
2005), which is a sector of the beach well exposed to
the most energetic waves (those from the N–NNE). We
do not rule out, however, that other processes may deter-
mine the upper depth limit of P. oceanica. This seagrass
species is able to grow in certain locations, usually shel-
tered, almost to sea level (Ribera et al. 1997), which sug-
gests that neither photo-inhibition nor temperature
fluctuations associated with shallow depths are impor-
tant in setting the upper depth limit. Except for the des-
iccation effects associated with exposure to air at low
tides (negligible in the Mediterranean Sea), the consen-
sus is that the upper depth limit of seagrasses is set by
the energy of currents and waves (Koch et al. 2006).
Wave breaking might have a role in establishing the
upper limit, but the position at which waves break will
change depending on wave height, wave period, and
presence of submerged sandbars. In addition, the effect
of waves of certain energy may depend on the amount
of time the plants are exposed to different levels of wave
energy. Average wave conditions have been used to esti-
mate the average field of near-bottom orbital velocities,
but other wave statistics could be used, such as extreme
events (De Falco et al. 2008), and elaborate a prediction
of those velocities that allow the long-term persistence
of P. oceanica. We used 44 years of data, as this would
be an adequate period of time over which to average the
effects of waves on the slow-growing P. oceanica (Marba`
and Duarte 1998).
We note that sediment density and grain size charac-
teristics have not been considered in this study. These
granulometric characteristics may play an important role
in determining the location of seagrasses, because wave
energy will move and resuspend the sediment, which
might bury or erode a seagrass meadow. Differences in
sediment characteristics between locations will then con-
tribute to the variability of the estimate of the threshold
wave energy that sets the upper depth limit of Posidonia
oceanica.
We conclude that the methodology presented here is
a useful tool to estimate wave energy on the bottom and
to identify the level that sets the upper depth limit of
Posidonia oceanica meadows. Our approach provides
testable estimates of the threshold level of wave energy
that allows this species to persist and indicates a
research program to validate them. This study also high-
lights the importance of interdisciplinary and multidisci-
plinary research in ecological modeling and, in particular,
the need for hydrodynamical studies to elucidate the dis-
tribution of seagrasses at shallow depths.
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